ABSTRACT A PCR assay was developed for the identification of meats and commercial meat products from quail (Coturnix coturnix), pheasant (Phasianus colchicus), partridge (Alectoris spp.), guinea fowl (Numida meleagris), pigeon (Columba spp.), Eurasian woodcock (Scolopax rusticola), and song thrush (Turdus philomelos) based on oligonucleotide primers targeting specific sequences from the mitochondrial D-loop region. The primers designed generated specific fragments of 96, 100, 104, 106, 147, 127, and 154 bp in length for quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, and song thrush tissues, respectively.
INTRODUCTION
Food authentication is an issue that has become increasingly important in recent years due to the drive for more accurate and truthful labeling (Wang, 2009) . Especially in the case of meat products, consumers want to be protected from falsely labeled food that may contain unknown or less desirable meat species. As a result, there has been considerable research effort directed toward the development of fast and accurate methods to identify the species of meat present in a food sample (Sawyer et al., 2003) . The application of these methods in food regulatory control should facilitate the determination of adulterated and undeclared species compositions, would help to protect both consumers and producers from frauds, and also would help to avoid possible illegal sale of meat from protected species (Peter et al., 2004) .
Game bird meat and derived products are often targets for fraudulent labeling due to the high commercial value associated with these products. In the last few years, there has been a move toward large-scale production of game birds such as quail, pheasant, or partridge using modern husbandry techniques, which has resulted in a greater availability of game bird meat and a proliferation of marinade, boned, minced, and filleted products containing meat from these species (Hird et al., 2005) . Such practices of processing make it difficult to identify the species involved because the external features by which species are usually identified are lost, thereby increasing the opportunities for substitution particularly when the products are mixed with spices and other ingredients (Rodríguez et al., 2004; Schlumpberger, 2004) . Therefore, it is necessary to develop and apply rapid and accurate markers to ensure game bird species identification in meat and meat products.
Several analytical methods are currently available for meat species identification. Among them, DNA-based methods have been well received because of the relative stability of the DNA molecule under extreme conditions and its efficient amplification by PCR (Zhang et al., 2007) . Most of the PCR approaches to determine species identity are based on the amplification of relatively long DNA fragments using conserved mitochondrial or nuclear DNA primers, followed by sequencing (Girish et al., 2004) or RFLP of the amplicons obtained (Sun and Lin, 2003; Rojas et al., 2008 Rojas et al., , 2009 ). However, these techniques are not always suitable for the analysis of heat-treated meat products because thermal effect may cause fragmentation of DNA to just a few hundred base pairs leading to difficulties in obtaining PCR amplification of long fragments (Wolf and Lüthy, 2001) . By contrast, PCR using species-specific primers directed to short DNA fragments offers an excellent alternative for the analysis of processed meat products because this approach allows direct species identification of the target species without the need for further sequencing or digestion of the PCR products with restriction enzymes (Fajardo et al., 2007a) . In this context, a large number of reports describe the use of species-specific primers for the identification of a wide range of commercial meat species (Rodríguez et al., 2003; Che-Man et al., 2007; Fajardo et al., 2007a,b; kesmen et al., 2007; Fujimura et al., 2008) . However, the range of assays available for the detection of less commonly used meat species such as game birds is relatively limited (Chisholm et al., 2008; Rojas et al., 2008 Rojas et al., , 2009 .
In this work, we describe a PCR method using specific primers for the identification of meat and commercial meat products from quail (Coturnix coturnix), pheasant (Phasianus colchicus), partridge (Alectoris spp.), guinea fowl (Numida meleagris), pigeon (Columba spp.), Eurasian woodcock (Scolopax rusticola), and song thrush (Turdus philomelos). The assay is based on the selective amplification of mitochondrial D-loop sequences from the selected species.
MATERIALS AND METHODS

Selection and Preparation of Meat Samples
Authentic muscle samples of quail (Coturnix coturnix), pheasant (Phasianus colchicus), red-legged partridge (Alectoris rufa), guinea fowl (Numida meleagris), Eurasian woodcock (Scolopax rusticola), woodpigeon (Columba palumbus), and song thrush (Turdus philomelos), were provided by Antonio de Miguel (Madrid, Spain). Red-legged partridge samples were also obtained from the Estación Biológica de Doñana (Sevilla, Spain) and from Hermanos Sainz (Madrid, Spain). Chukar partridge (Alectoris chukar) meat samples were provided by Hermanos Sainz. Barbary partridge (Alectoris barbara) meat samples were obtained from the Department of Animal Production (Facultad de Veterinaria, Universidad Complutense, Madrid, Spain). Common pigeon (Columba livia) meat samples were provided by Industria del Pichón Bravío (Valladolid, Spain). Capercaillie (Tetrao urogallus) meat samples were obtained from the Department of Animal Pathology (Facultad de Veterinaria, Universidad Autónoma de Barcelona, Spain). Chicken (Gallus gallus), turkey (Meleagris gallopavo), Muscovy duck (Cairina moschata), and goose (Anser anser) meat samples were purchased from several retail markets and local abattoirs (Madrid, Spain). Muscle samples from cattle (Bos taurus), sheep (Ovis aries), goat (Capra hircus), swine (Sus scrofa domestica), red deer (Cervus elaphus), fallow deer (Dama dama), roe deer (Capreolus capreolus), chamois (Rupicapra rupicapra), mouflon (Ovis ammon), and Pyrenean ibex (Capra pyrenaica) were obtained from several Spanish abattoirs and meat-cutting installations. All specimens were morphologically identified by trained veterinarians before obtaining the samples.
Fresh muscle portions from the selected specimens were processed immediately or stored frozen at −20°C until use. Quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, and song thrush meats were also analyzed after being subjected to experimental pasteurization (72°C for 30 min) and sterilization (121°C for 20 min) treatments.
Binary mixtures of quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, or song thrush in a chicken meat matrix were prepared using raw muscles from the selected species. For each meat mixture, different percentages ranging from 50 to 0.1% (wt/wt) of the target species were prepared to a final weight of 100 g. Forty milliliters of sterile PBS (136 mM NaCl, 1.4 mM kH 2 PO 4 , 8.09 mM Na 2 HPO 4 ·12H 2 O, and 2.6 mM kCl, pH 7.2) was added to the binary mixtures and they were homogenized with a blender (SunbeamOster, Delray Beach, FL). Fifty grams of each mixture was sterilized at 121°C for 20 min. Raw and sterilized binary meat mixtures were processed directly or stored at −20°C until use.
Several commercial meat products from quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, and song thrush species purchased from different retail markets (Madrid, Spain) were also included in the analysis.
DNA Extraction
Total DNA was extracted from meat using a Wizard DNA Clean-up System kit (Promega Corp., Madison, WI) as described in a previous work (Rojas et al., 2008) . Deoxyribonucleic acid concentration was measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Montchanin, DE).
The DNA extracted from raw and processed tissues was electrophoresed in a 1% D1 Low EEO (Hispanlab S.A., Torrejón, Spain) agarose gel containing 1 μg/ mL of ethidium bromide in Tris-acetate buffer (0.04 M Tris-acetate and 0.001 M EDTA, pH 8.0) for 30 min at 110 V. Total DNA was visualized by UV transillumination using a Geldoc 1000 UV Fluorescent Gel Documentation System-PC (Bio-Rad Laboratories, Hercules, CA).
Amplification and Sequencing of Conserved Fragments in the D-Loop Region from Different Game Bird and Domestic Meats
The set of primers used for amplification consisted of 2 pairs of oligonucleotides: DLOOPSHORT-FW/ DLOOPSHORT-REV, designed in a previous work for the development of a PCR-RFLP technique (Rojas et al., 2009) Polymerase chain reaction amplification was carried out in a Progene thermal cycler (Techne Ltd., Cambridge, Uk). Forty cycles of amplification with the following step-cycle profile were programmed: strand denaturation at 93°C for 30 s, primer annealing at 50°C (for DLOOPSHORT-FW/DLOOPSHORT-REV primers) or 55°C (for DLOOPLONG-FW/DLOOPLONG-REV primers) for 30 s, and primer extension at 72°C for 45 s. An initial denaturation at 93°C for 2 min and a final extension at 72°C for 5 min improved the product yield. Polymerase chain reaction products (10 μL) were mixed with 2 μL of gel loading solution (Sigma, St. Louis, MO) and were loaded in a 2% D1 Low EEO (Hispanlab S.A.) agarose gel containing 1 μg/mL of ethidium bromide in Tris-acetate buffer (0.04 M Trisacetate and 0.001 M EDTA, pH 8.0). Electrophoretic separation was performed at 100 V for 30 min. The resulting DNA fragments were visualized by UV transillumination and were analyzed using a Geldoc 1000 UV Fluorescent Gel Documentation System-PC (Bio-Rad Laboratories).
Mitochondrial D-loop region amplicons were subsequently purified and sequenced as described in a previous work (Rojas et al., 2008) . The DLOOPSHORT-FW/DLOOPSHORT-REV and DLOOPLONG-FW/ DLOOPLONG-REV oligonucleotides were used in the sequencing reactions. SCODLOOP-FW/SCODLOOP-REV, and TURDLOOP-FW/TURDLOOP-REV were expected to yield specific DNA fragments of 96, 100, 104, 106, 147, 127, and 154 bp in the D-loop region of quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, and song thrush, respectively. In addition, 18SpEUDIR/18SpEUINV and 18SEU-FW/18SEU-REV primers based on conserved nuclear 18S rRNA gene sequences available in the GenBank-European Molecular Biology Laboratory databases for various avian and mammal species were used as positive control of the assay. These primers were expected to amplify conserved fragments of 141 and 89 bp, respectively, of the 18S rRNA gene in all of the analyzed species. The sequence and description of the primers used in this work is summarized in Table 1 .
Design of Avian-Specific Primers
Deoxyribonucleic acid amplifications were carried out in a final volume of 25 μL containing 10 ng of template DNA, 2 mM MgCl 2 , 200 μM of each deoxynucleoside triphosphate, 10 pmol (quail, partridge, and song thrush primers) or 5 pmol (pheasant, guinea fowl, pigeon, and Eurasian woodcock primers), and 1 unit of Tth DNA polymerase (Biotools) in a reaction buffer containing 75 mM Tris-HCl, pH 9.0; 50 mM kCl; 20 mM (NH 4 ) 2 SO 4 ; and 0.001% BSA. Forty amplification cycles were performed with the following step-cycle profile: strand denaturation at 93°C for 30 s; primer annealing at 65°C (for quail, guinea fowl, and Eurasian woodcock), 63°C (for pigeon and song thrush), 60°C (for pheasant), or 55°C (for partridge) for 30 s; and primer extension at 72°C for 45 s. The last extension step was 5 min longer. An initial denaturation at 93°C for 2 min was carried out to improve the final result. Positive control amplifications were set using 5 pmol of 18SpEUDIR/18SpEUINV or 18SEU-FW/18SEU-REV primers combined in duplex PCR with each speciesspecific primer pair.
Polymerase chain reaction products (10 μL) were electrophoresed in a 3.5% MS8 (Hispanlab S.A.) agarose gel. Each agarose gel contained 1 μg/mL of ethidium bromide in Tris-acetate buffer (0.04 M Trisacetate and 0.001 M EDTA, pH 8.0). Electrophoretic separation was performed at 90 V for 60 min and the resulting DNA fragments were visualized by UV transillumination and analyzed using a Geldoc 1000 UV Fluorescent Gel Documentation System-PC (Bio-Rad Laboratories).
RESULTS AND DISCUSSION
The increasing demand for information on the origin and composition of processed meat products has propelled the development of accurate and powerful analysis methods. Among them, PCR has been successfully applied for the identification of different animal species in meat products, including cooked products (Di Pinto et al., 2005) . In this work, specific primers were developed on the highly variable mitochondrial D-loop region for the specific identification of meats and commercial meat products from quail (Coturnix coturnix), pheasant (Phasianus colchicus), partridge (Alectoris spp.), guinea fowl (Numida meleagris), pigeon (Columba spp.), Eurasian woodcock (Scolopax rusticola), and song thrush (Turdus philomelos).
Mitochondrial DNA has been commonly used for species identification because its presence in multiple copies per cell increases the probability of achieving a positive result even in the case of samples suffering severe DNA fragmentation due to intense processing conditions. In addition, it has a relatively high mutation rate as compared with nuclear DNA, enough to allow discrimination of even closely related species (Pascoal et al., 2004; Fujimura et al., 2008) . The mitochondrial D-loop region was selected in this study as the target sequence for species identification because it has the highest substitution rate of all mitochondrial genes and is the most rapidly evolving region of the mitochondrial genome. Moreover, the high number of sequences currently available in the databases facilitates the design of specific primers (Montiel-Sosa et al., 2000; Fajardo et al., 2007c) .
The detailed study of mitochondrial D-loop sequences from quail, pheasant, red-legged partridge, chukar partridge, barbary partridge, guinea fowl, Eurasian woodcock, woodpigeon, common pigeon, and song thrush obtained with DLOOPSHORT-FW/DLOOP-SHORT-REV primers allowed the design of specific primer pairs for pigeon (COLDLOOP-FW/COLD-LOOP-REV), Eurasian woodcock (SCODLOOP-FW/ SCODLOOP-REV), and song thrush (TURDLOOP-FW/TURDLOOP-REV) (Figure 1 ). Nevertheless, due to the high degree of sequence similarity between the selected species, it was not possible to design speciesspecific primers for quail, pheasant, partridge, and guinea fowl in this short fragment (310 bp). For this reason, a longer polymorphic DNA region potentially suitable for further species differentiation was amplified and sequenced with DLOOPLONG-FW/DLOOP-LONG-REV conserved primers. Bands obtained after PCR amplification with this set of primers ranged in size (from 485 to 600 bp) depending on the species (results not shown), according to the finding that the control region is primarily responsible for the observed variation in length of the vertebrate mitochondrial genome. The detailed study of the sequence multialignment permitted the design of specific primer pairs for quail (COTDLOOP-FW/COTDLOOP-REV), pheasant (PHADLOOP-FW/PHADLOOP-REV), partridge (ALECDLOOP-FW/ALECDLOOP-REV), and guinea IDENTIFICATION OF GAME BIRD MEAT IDENTIFICATION OF GAME BIRD MEAT fowl (NUMDLOOP-FW/NUMDLOOP-REV) ( Figure  2) . Results of PCR amplifications indicated that the sizes of the amplicons obtained with the 7 species-specific primer pairs were as expected from sequence analysis. Specific DNA fragments of 96, 100, 104, 106, 147, 127 , and 154 bp were successfully amplified with quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, and song thrush primer sets, respectively, showing no amplification on DNA from the rest of the meat species analyzed (Table 2) . Conserved partridge primers were designed to recognize red-legged partridge, chukar partridge, and barbary partridge, which are the most important commercialized partridge species. In the same way, pigeon primers were designed to recognize common pigeon and woodpigeon. Twenty specimens from every selected meat species were analyzed in the PCR assays, yielding consistent and reproducible DNA amplification bands. These results suggest an optimum specificity of the 7 primer pairs when tested for PCR amplification against a high number of game and domestic meat species distributed for human consumption. Demonstration of specificity against a large number of species is very important because when a reduced number of species are used to assess the specificity of the assay, there is always a risk of finding cross-reactivity with untested close-related species, limiting the value of the assay for routine analysis (Martín et al., 2007) .
A common problem of PCR-based methods is failure of DNA amplification due to the presence of inhibitory substances in the samples. Inhibition influences the outcome of PCR reaction by lowering or completely preventing the amplification. Thus, it is essential to include positive controls to avoid false-negative results. For this reason, positive control amplification was performed in each PCR experiment using 18SpEUDIR/18SpEUINV or 18SEU-FW/18SEU-REV conserved primers. These primers were combined in duplex PCR with each species-specific primer depending on the fragment sizes of the species-specific amplicons to differentiate the bands obtained in the agarose gel. In this sense, quail-, pheasant-, partridge-, and guinea fowl-specific primers were combined with 18SpEUDIR/18SpEUINV primers, whereas pigeon-, Eurasian woodcock-, and song thrush-specific primers were combined with 18SEU-FW/18SEU-REV oligonucleotides. These sets of prim- ers successfully amplified conserved fragments of 141 or 89 bp, respectively, on the 18S rRNA gene of all game and domestic species analyzed avoiding any possible false-negative amplification throughout the assays due to PCR inhibition. It has been widely reported that identification of animal species by PCR analysis can be difficult in samples of complex composition, which have been subjected to intensive processing. Although DNA exhibits fairly high thermal stability, intense heat coupled with high pressure conditions may cause severe DNA degradation leading to difficulties in obtaining reliable results in PCR amplification, especially when the fragments to be amplified are too large (Arslan et al., 2006; Corona et al., 2007) . Consequently, species identification in samples in which DNA is liable to be degraded must rely on amplification of short DNA targets (krcmar and Rencova, 2005) .
To check the influence of processing treatments on the suitability of the PCR method developed, DNA extracted from experimentally pasteurized (72°C for 30 min) and sterilized (121°C for 20 min) quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, and song thrush meats was assayed under the amplification conditions described in this work. Polymerase chain reaction results indicated effective amplification of the desired DNA segments in all heat-treated samples, confirming the ability of the PCR to amplify relatively short segments in highly damaged DNA (Figure 3 ).
To determine the detection limit of the assay for the species analyzed, PCR amplification was performed on muscle binary mixtures containing 0.1, 1, 5, 10, 25, and 50% (wt/wt) of each target species in chicken muscle. To confirm the absence of PCR inhibition, duplex PCR was carried out combining each species-specific primer pair with 18SpEUDIR/18SpEUINV or 18SEU-FW/18SEU-REV primers. For all species, it was observed that the lower the percentage of the target meat in the admixture, the fainter the band obtained in the PCR with the corresponding specific primers (Figures 4  and 5) . The detection limit (lowest percentage producing visible DNA amplifications) of the assay was set on 0.1% for the 7 species-specific primers, either on raw (Figure 4 ) or sterilized binary mixtures ( Figure 5 ).
Although many reports have focused their interest on the development of sensitive and versatile PCR methodologies, the information gained has mainly been based on studies performed with experimental mixtures of raw or heat-treated meat samples rather than commercial meat products, in which different types of processing and ingredients may be combined (Pascoal et al., 2004) . In this work, several raw and heat-treated commercial meat products from quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, and song thrush were also analyzed to evaluate the usefulness of the PCR method developed. As can be seen in Table 3 , in most cases, the results obtained from the analysis of meat products were in agreement with the declaration of quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, or song thrush content on the label. However, 2 partridge pâtés, which were supposed to contain partridge, were not amplified with the partridge-specific primers. Nevertheless, successful amplification was obtained with the positive control primers, suggesting a possible fraud in the labeling of these 2 pâté samples (Table 3) . The results obtained indicate that the PCR approach developed in this work seems to be an accurate method to achieve species identification in complex meat products produced by a variety of different technological processes.
Compared with alternative techniques for species identification such as direct sequencing of PCR products, or PCR-RFLP, PCR using specific primers offers the advantage of being cheaper, faster, and more useful for routine analysis of large numbers of samples. Moreover, it can be applied to the analysis of admixed meats (pâtés and minced meat products) including 2 or more species in their composition for which direct sequencing or PCR-RFLP may be restricted because results obtained after sequencing or digestion of the PCR products might show a combination of miscellaneous sequences or restriction patterns representing all of the possible species included in the admixed sample (Girish et al., 2004) .
It can be concluded that the PCR method described in this paper is simple, specific, and sensitive, allowing the specific identification of quail, pheasant, partridge, guinea fowl, pigeon, Eurasian woodcock, and song thrush even in samples subjected to severe heatpressure treatment. This PCR assay may therefore be appropriate for meat inspectors, regulatory agencies, and food control laboratories to detect fraudulent manipulations and to enforce accurate labeling of game bird meat products.
